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Abstract
Background: Cystic fibrosis (CF) has many effects on the gastrointestinal tract and a common problem in this disease is poor
nutrition. In the CF mouse there is an innate immune response with a large influx of mast cells into the muscularis externa of
the small intestine and gastrointestinal dysmotility. The aim of this study was to evaluate the potential role of mast cells in
gastrointestinal dysmotility using the CF mouse (Cftr
tm1UNC, Cftr knockout).
Methodology: Wild type (WT) and CF mice were treated for 3 weeks with mast cell stabilizing drugs (ketotifen, cromolyn,
doxantrazole) or were treated acutely with a mast cell activator (compound 48/80). Gastrointestinal transit was measured
using gavage of a fluorescent tracer.
Results: In CF mice gastric emptying at 20 min post-gavage did not differ from WT, but was significantly less than in WT at
90 min post-gavage. Gastric emptying was significantly increased in WT mice by doxantrazole, but none of the mast cell
stabilizers had any significant effect on gastric emptying in CF mice. Mast cell activation significantly enhanced gastric
emptying in WT mice but not in CF mice. Small intestinal transit was significantly less in CF mice as compared to WT. Of the
mast cell stabilizers, only doxantrazole significantly affected small intestinal transit in WT mice and none had any effect in CF
mice. Mast cell activation resulted in a small but significant increase in small intestinal transit in CF mice but not WT mice.
Conclusions: The results indicate that mast cells are not involved in gastrointestinal dysmotility but their activation can
stimulate small intestinal transit in cystic fibrosis.
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Introduction
Cystic fibrosis (CF) is an autosomal recessive genetic disease
caused by mutations in the CFTR (cystic fibrosis transmembrane
conductance regulator) gene. CFTR is a cAMP-regulated chloride
channel that in the intestine is mainly expressed in the apical
plasma membrane of crypt cells. In the absence of CFTR, fluid
secretion into the intestinal lumen is of low volume and is deficient
in bicarbonate, which impairs neutralization of gastric acid. The
poorly-hydrated acidic luminal environment is believed to cause
accumulation of mucus, which fosters bacterial overgrowth of the
CF small intestine [1].
Hallmarks of CF in affected epithelial organs, including the
intestine, are accumulation of excessive mucus, microbial
infection, and inflammation. Inflammation is known to affect
gastrointestinal motility patterns [2,3]. Inflammation of the human
CF intestine has been reported [4–6] but, because such studies use
indirect measures or require invasive methods, there is not much
detailed information. Inflammation of the CF intestine may be a
response to bacterial overgrowth, which is reported to occur in up
to half of CF patients [7,8]. Consistent with intestinal inflamma-
tion, gastrointestinal dysmotility has been reported to be frequent
in CF patients [8–14].
The Cftr knockout mouse (Cftr
tm1UNC, CF mouse) small intestine
exhibits many of the same changes that occur in CF patients,
including excessive mucus accumulation, impaired intestinal
transit, bacterial overgrowth, and an inflammatory response
[15,16]. Inflammation in the CF mouse intestine has character-
istics of an innate response that includes an influx of mast cells,
mainly into the muscularis externa tissue [17].
Mast cells have been implicated in various conditions where
gastrointestinal motility is altered [18]. Mast cells can stimulate
motility during acute intestinal infection with pathogenic bacteria
[19]. Mast cells produce histamine and serotonin, both of which
can stimulate enteric smooth muscle contraction [20]. In other
conditions mast cells are associated with impaired motility, often
due to deleterious effects of mast cell proteases on the interstitial
cells of Cajal [21] or on the enteric nervous system [2,18,22–24].
For example, using in vitro co-cultures of enteric nerves with
peritoneal mast cells, it was shown that mast cells damage the
nerves [25]. Inclusion of the mast cell stabilizer doxantrazole in the
culture system prevented nerve cell damage demonstrating the
importance of mast cell activity.
Because the CF mouse small intestine has impaired transit and a
dramatic increase in mast cells in the muscularis, we hypothesized
that the mast cells may play a role in slowed gastrointestinal transit
PLoS ONE | www.plosone.org 1 January 2009 | Volume 4 | Issue 1 | e4283in these animals. To test this, we used various agents to stabilize or
stimulate mast cells, and measured the effects on gastrointestinal
transit in vivo.
Methods
Ethics Statement
All animal procedures were approved by the Institutional
Animal Care and Use Committee.
Materials
Unless otherwise specified, all chemicals were obtained from
Sigma-Aldrich (St. Louis, MO, USA).
Animals
Cftr(+/2) mice (Cftr
tm1UNC) were originally obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). As previously
described, the mice were bred to be congenic on the C57BL/6J
background [26]. Cftr(+/2) mice were bred to obtain wild type
(WT) [Cftr(+/+)] and CF [Cftr(2/2)] mice. Cftr(+/2) mice, which
are phenotypically indistinguishable from WT, were used
occasionally as WT. Mice of both sexes were used between 6–
7 weeks of age and no gender-related differences in the measured
parameters were observed. To prevent lethal intestinal obstruc-
tion, all mice were fed ad libitum a complete elemental liquid diet
(Peptamen; Nestle, Deerfield, IL, USA) [27]. The following mast
cell stabilizers were administered at doses derived from published
work, by addition to the liquid diet for three weeks: ketotifen
(1 mg/kg-day) [28], cromolyn (10 mg/kg-day) [29,30]; doxantra-
zole (10 mg/kg-day) [31]. The mast cell stimulator compound 48/
80 was administered acutely by i.p. injection of 0.75 mg/kg body
weight [32] 30 min before gavage of the motility tracer (see
below).
Measurement of gastric emptying and gastrointestinal
transit
Gastric emptying and transit were measured as previously
described [15]. Briefly, mice were fasted overnight with free
access to water. In the morning between 8–9 AM, mice were
gavaged with 100 ml 25 mg/ml rhodamine dextran
(MW=70000). After 20 min, the mice were killed and the
gastrointestinal tract was divided into stomach, 10 equal
segments of small intestine, and large intestine. The stomach
and intestinal segments were flushed and the concentration of
the tracer was determined fluorometrically in a Synergy HT
microplate reader (BioTek, Winooski, Vermont, USA). Gastric
emptying was calculated as the percent of tracer remaining in the
stomach relative to the total amount recovered from the stomach
and intestine. For measurement of small intestinal transit the
fluorescence data were expressed per segment relative to the
total in the intestine. For some experiments the post-gavage time
was 90 min.
Mast cell histochemistry
Tissue was fixed with 4% paraformaldehyde and paraffin
sections were prepared. Sections were stained with toluidine blue
which stains all mature mast cells [33,34] by binding to serglycin
proteoglycans in their secretory granules [35]. Slides were imaged
on a Nikon Diaphot microscope equipped with a SPOT RT-KE
digital camera (Diagnostic Instruments, Sterling Heights, MI,
USA). Mast cells were counted in images of the stained slides by an
observer unaware of the sample identities. Tissue areas were
calculated using NIH Image J software.
Statistical analysis
Statistical significance was determined by ANOVA with a post-
hoc Fisher’s least significant difference test (Systat, Chicago, IL,
USA). A P-value of ,0.05 was considered significant.
Results
The aim of this study was to test the role of mast cells in
gastrointestinal dysmotility in the CF mouse. We have previously
shown that the CF mouse has many more mast cells in the small
intestine as compared to wild type (WT) mice [17]. It was not
known if the numbers of mast cells in the CF mouse stomach also
differed, so we first examined this in wild type (WT) and CF
stomachs. Mast cells were readily observed in both WT and CF
stomach tissues (Fig. 1A and B, respectively). There was no
significant difference in the numbers of mucosal or connective
tissue/muscularis externa mast cells comparing WT and CF
stomachs (Fig. 2). The density of mast cells we measured in the
stomach agrees well with previous reports on healthy mice [33].
Our previous work showed that in the small intestine of the CF
mouse in comparison to WT, there are 50–100 fold more mast
cells, principally in the muscularis externa [17] (Fig. 1C). In
contrast, mast cells are rare in the WT intestine, consistent with
other reports [33,36,37]. The occasional mast cells that were
observed in the WT intestine were mostly in the peritoneal space
(Fig. 1D) and none were in the muscualris externa.
To measure gastric emptying and intestinal transit, mice were
fasted overnight and in the morning they were gavaged with
rhodamine dextran, a non-absorbable tracer. Twenty or 90 min
later, the distribution of the fluorescent tracer was measured in the
stomach, small intestine, and large intestine. At 20 min post-
gavage in untreated control mice gastric emptying was somewhat
less in CF mice as compared to WT, but the difference was not
statistically significant (Fig. 3, 4). In both WT and CF mice, at
20 min post-gavage the remainder of the tracer was in the small
intestine with none in the large intestine (Fig. 3). When the post-
gavage period was extended to 90 min, WT mice showed
significant decreases of the tracer in the stomach and small
intestine, and an increase in the large intestine (Fig. 3A), as
compared to the 20 min WT data. In the CF mice at 90 min post-
gavage, there was significantly less tracer in the stomach as
compared to the 20 min CF data (Fig. 3B). In comparison to WT,
the CF mice had significantly more tracer in the stomach and
small intestine, and less in the large intestine (Fig. 3B) at 90 min
post-gavage. We chose to use 20 min post-gavage for the
remainder of the experiments. At this time point, the distribution
of tracer in the gastrointestinal tract would allow detection of
changes in gastric emptying or improved small intestinal transit
comparing WT to CF mice after treatment with the mast cell
active agents.
To assess the effects of mast cells on gastric emptying and small
intestinal transit we treated mice with various mast cell stabilizers.
There are several drugs known to stabilize mast cells, and there is
some specificity as to whether mucosal or connective tissue mast
cells are affected. Because of the uncertainty of the phenotype of
mast cells in the CF intestine (see Discussion) and which drugs
would act on which type of mast cells, we used three different
drugs.
The first drug used was ketotifen, which stabilizes connective
tissue mast cells and is also a histamine H1 receptor antagonist.
Ketotifen treatment for three weeks had no effect on gastric
emptying in either WT or CF mice (Fig. 4). Ketotifen also did not
affect the distribution of the tracer along the small intestine (small
intestinal transit) in either WT or CF mice (Fig. 5C and D).
Mast Cells in GI Transit in CF
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mast cells. Cromolyn was without effect on gastric emptying in
WT or CF mice (Fig. 4). In WT mice treated with cromolyn, the
tracer was more evenly distributed along the length of the small
intestine as compared to control WT (Fig. 5E). Cromolyn had no
effect on the distribution of tracer in the CF mouse small intestine
(Fig. 5F).
Doxantrazole, a drug that targets both connective tissue and
mucosal mast cells, was the third one used. There was a significant
increase in gastric emptying in WT mice treated with doxantrazole
but not in CF mice (Fig. 4). Doxantrazole caused a slight but
significant change in the distribution of the tracer in the small
intestine of WT mice (Fig. 5G) but the effect was not significant in
CF mice (Fig. 5H).
We next tested the effect of stimulation of mast cells by
compound 48/80, administered as an i.p. injection 30 min
before gavage of the motility tracer. As compared to control,
compound 48/80 significantly increased gastric emptying in WT
mice (Fig. 4). In CF mice compound 48/80 had a small effect on
gastric emptying as compared to control CF mice, but the
difference did not reach the level of statistical significance
(P=0.08) (Fig. 4). In WT mice treated with compound 48/80,
the distribution of the fluorescent tracer in the small intestine was
more even than in control WT mice, but the effect was not
statistically significant (Fig. 5I). In contrast, mast cell activation
caused a significant change in the distribution of the tracer in the
C Fm o u s es m a l li n t e s t i n e( F i g .5 J ) .W h e r e a st h e r ew a sl i t t l et r a c e r
past the second segment of the small intestine in control CF
mice, in the compound 48/80 treated CF mice there was
significantly less tracer in the first segment and more in the third
segment.
Discussion
In this study we investigated the potential role of mast cells in
gastrointestinal dysmotility in the CF mouse model of cystic
fibrosis. Whereas healthy WT mice have very few mast cells in the
small intestine [33,37], in contrast to humans where intestinal mast
cells are common, there is a dramatic elevation of mast cells in the
CF mouse small intestine. This influx of mast cells in the CF small
intestine is likely in response to the bacterial overgrowth that
occurs. The bacteria that overgrow the CF small intestine are
opportunistic and they colonize the mucus that accumulates in the
CF intestine [1,16]. When bacterial overgrowth in CF mice is
Figure 1. Histochemistry for mast cells in WT and CF mouse stomach and small intestine. Sections were stained with toluidine blue and
mast cells identified by their metachromatic staining. (A) Wild type stomach; (B) CF Stomach; (C) Wild type small intestine; (D) CF small intestine.
Arrowheads indicate mast cells. Representative from 7 WT and 7 CF stomachs.
doi:10.1371/journal.pone.0004283.g001
Figure 2. Quantitation of mast cells in stomach of WT and CF
mice. There were no significant differences in the numbers of mast
cells per unit area in the CF stomach as compared to WT, in either
mucosa or connective tissue (CT, which included the muscularis
externa). Data are means 6 SEM. (n=7 WT, 7 CF stomachs)
doi:10.1371/journal.pone.0004283.g002
Mast Cells in GI Transit in CF
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that of control WT mice [16].
Because mast cells have been shown to affect gastrointestinal
motility in various conditions, including in the bacterially infected
intestine, we hypothesized that mast cells would play an important
role in dysmotility in the CF mouse gastrointestinal tract.
However, using a variety of mast cell stabilizing drugs, there was
no significant improvement in gastric emptying or small intestinal
transit in the CF mouse. There was a small but significant increase
in small intestinal transit after activation of mast cells with
compound 48/80 in CF mice but not in WT mice. This
demonstrates that the increased numbers of mast cells in the CF
intestine can affect intestinal motility, but their presence alone
does not underlie the dysmotility of the CF gut.
Mast cells display tremendous diversity depending on their
tissue site and the nature of the inflammation to which they are
responding [38,39]. Two main ways to classify mast cells are
based on their tissue localization and on their enzymatic profile.
By an earlier Affymetrix GeneChip analysis, all of the 11 mast
cell protease genes on the array were called absent in the WT
mouse small intestine [17]. This is consistent with the very low
numbers of mature mast cells in the healthy mouse small
intestine. In the CF mouse intestine several mast cell protease
genes were expressed: mast cell protease 1 (Mcpt1), mast cell
Figure 3. Distribution of rhodamine dextran along the gastrointestinal tract of WT and CF mice at 20 min and 90 min post-gavage.
Overnight fasted mice were gavaged with a bolus of rhodamine dextran (see Methods). At either 20 min or 90 min post-gavage the mice were
sacrificed and the distribution of the fluorescence in the stomach (St), small intestine (SI) and large intestine (LI) was measured and expressed relative
to the total. (A) WT mice (n=28 mice 20 min post-gavage, n=8 mice 90 min post-gavage); (B) CF mice (n=14 mice 20 min post-gavage, n=7 mice
90 min post-gavage). Data are means 6 SEM. (*) P,0.05 comparing 20 min vs 90 min data for the same organ and genotype of mice. (+) P,0.05
comparing CF vs WT for the same organ and post-gavage time.
doi:10.1371/journal.pone.0004283.g003
Figure 4. Gastric emptying in WT and CF mice and effect of mast cell agents. Overnight fasted mice were gavaged with a bolus of
rhodamine dextran (see Methods). At 20 min post-gavage the mice were sacrificed and the distribution of the fluorescence in the stomach and small
intestine was measured. Gastric emptying is expressed as fraction of total fluorescence which has exited the stomach in the 20 min post-gavage
period. Con=control (n=28 WT, n=14 CF); Ket=ketotifen, 3 week treatment (n=10 WT, n=6 CF); Crom=cromolyn 3 week treatment (n=11 WT,
n=7 CF); Dox=doxantrazole 3 week treatment (n=5 WT , n=8 CF); 48/80=compound 48/80 acute i.p. injection (n=4 WT, n=6 CF). Data are means
6 SEM. (*) P,0.05 vs Control of the same genotype. Data for the control WT and CF mice include values from previous work [1].
doi:10.1371/journal.pone.0004283.g004
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bolus of rhodamine dextran (see Methods). At 20 min post-gavage the mice were sacrificed and the distribution of the fluorescence in 10 segments
(proximal to distal) of the small intestine was measured and expressed relative to the total fluorescence. (A) WT Control (n=28); (B) CF Control
(n=14); (C) Ketotifen, 3 week treatment of WT (n=10); (D) Ketotifen, 3 week treatment of CF (n=6); (E) Cromolyn, 3 week treatment of WT (n=11);
(F) Cromolyn, 3 week treatment of CF (n=7); (G) Doxantrazole, 3 week treatment of WT (n=5); (H) Doxantrazole, 3 week treatment of CF (n=8); (I)
Compound 48/80, acute i.p. injection of WT (n=4); (J) Compound 48/80, acute i.p. injection of CF (n=6). Data are means 6 SEM. (*) P,0.05 vs
control, same genotype and same intestinal segment; (+) P,0.05 CF vs WT, same segment and treatment group. Data for the control WT and CF mice
include values from previous work [1].
doi:10.1371/journal.pone.0004283.g005
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Mcp10), mast cell carboxypeptidase A3 (Cpa3), and mast cell
protease-like (Mcptl) [17]. There was unmeasurable expression of
the other mast cell markers on the arrays of the CF samples
[mast cell protease 4 (Mcpt4), chymase 1 (Cma1,a l s oc a l l e d
Mcpt5), trypase b2( Tpsb2,a l s oc a l l e dMcpt6), and tryptase a/b1
(Tpsab1,a l s oc a l l e dMcpt7)].
Based on tissue localization and protease gene expression, it is
not clear how to classify the mast cells in the CF mouse small
intestine. These mast cells are predominantly localized to the
muscularis externa layer (Fig. 1D), with occasional cells in the
submucosa [17]. This localization would classify them as
connective tissue mast cells. However, their protease expression
profile does not fit the distinct patterns of mucosal vs. connective
tissue mast cells (e.g., Mcpt1 and Mcpt2 are regarded as a mucosal
mast cell markers in mice, and Cpa3 is connective tissue mast cell
marker, but all are expressed in the CF intestine; and whereas
Cma1 is a connective tissue marker it is not expressed in the CF
intestine) [38–41].
Because of the uncertainty of how to classify the mast cells in the
CF small intestine, we used a variety of mast cell stabilizers.
However, none of the mast cell stabilizers which have activity on
the different types of mast cells had a positive effect on
gastrointestinal motility in the CF mouse.
In summary, this study shows that mast cell stabilizers were not
able to improve gastrointestinal motility in CF mice. There was a
small increase in small intestinal transit in CF mice when mast cells
were stimulated but this effect was small and transit was still much
less than in healthy WT control mice. Thus, unlike other
conditions where dysmotility occurs, mast cells are not likely to
be a useful therapeutic target to improve gastrointestinal motility
in CF.
Author Contributions
Conceived and designed the experiments: RCDL. Performed the
experiments: RCDL LM MF RS. Analyzed the data: RCDL LM ER.
Wrote the paper: RCDL.
References
1. De Lisle RC, Roach E, Jansson K (2007) Effects of laxative and N-acetylcysteine
on mucus accumulation, bacterial load, transit, and inflammation in the cystic
fibrosis mouse small intestine. Am J Physiol Gastrointest Liver Physiol 293:
G577–G584.
2. Serna H, Porras M, Vergara P (2006) Mast Cell Stabilizer Ketotifen [4-(1-
Methyl-4-piperidylidene)-4H-benzo[4,5]cyclohepta[1,2-b]thiophen-10(9 H)-one
Fumarate] Prevents Mucosal Mast Cell Hyperplasia and Intestinal Dysmotility
in Experimental Trichinella spiralis Inflammation in the Rat. J Pharmacol Exp
Ther 319: 1104–1111.
3. Schwarz NT, Kalff JC, Turler A, Speidel N, Grandis JR, et al. (2004) Selective
jejunal manipulation causes postoperative pan-enteric inflammation and
dysmotility. Gastroenterology 126: 159–169.
4. Raia V, Maiuri L, De Ritis G, De Vizia B, Vacca L, et al. (2000) Evidence of
chronic inflammation in morphologically normal small intestine of cystic fibrosis
patients. Pediatr Res 47: 344–350.
5. Smyth RL, Croft NM, O’Hea U, Marshall TG, Ferguson A (2000) Intestinal
inflammation in cystic fibrosis. Arch Dis Child 82: 394–399.
6. Bruzzese E, Raia V, Gaudiello G, Polito G, Buccigrossi V, et al. (2004) Intestinal
inflammation is a frequent feature of cystic fibrosis and is reduced by probiotic
administration. Aliment Pharmacol Ther 20: 813–819.
7. Fridge JL, Conrad C, Gerson L, Castillo RO, Cox K (2007) Risk factors for
small bowel bacterial overgrowth in cystic fibrosis. J Pediatr Gastroenterol Nutr
44: 212–218.
8. Lewindon PJ, Robb TA, Moore DJ, Davidson GP, Martin AJ (1998) Bowel
dysfunction in cystic fibrosis: importance of breath testing. J Paediatr Child
Health 34: 79–82.
9. Bali A, Stableforth DE, Asquith P (1983) Prolonged small-intestinal transit time
in cystic fibrosis. Br Med J (Clin Res Ed) 287: 1011–1013.
10. Dalzell AM, Heaf DP (1990) Oro-caecal transit time and intra-luminal pH in
cystic fibrosis patients with distal intestinal obstruction syndrome. Acta Univ
Carol [Med ] (Praha) 36: 159–160.
11. Dalzell AM, Freestone NS, Billington D, Heaf DP (1990) Small intestinal
permeability and orocaecal transit time in cystic fibrosis. Arch Dis Child 65:
585–588.
12. Escobar H, Perdomo M, Vasconez F, Camarero C, del Olmo MT, et al. (1992)
Intestinal permeability to 51Cr-EDTA and orocecal transit time in cystic
fibrosis. J Pediatr Gastroenterol Nutr 14: 204–207.
13. Murphy MS, Brunetto AL, Pearson AD, Ghatei MA, Nelson R, et al. (1992) Gut
hormones and gastrointestinal motility in children with cystic fibrosis. Dig Dis
Sci 37: 187–192.
14. Gregory PC (1996) Gastrointestinal pH, motility/transit and permeability in
cystic fibrosis. J Pediatr Gastroenterol Nutr 23: 513–523.
15. De Lisle RC (2007) Altered Transit and Bacterial Overgrowth in the Cystic
Fibrosis Mouse Small Intestine. Am J Physiol Gastrointest Liver Physiol 293:
G104–G111.
16. Norkina O, Burnett TG, De Lisle RC (2004) Bacterial overgrowth in the cystic
fibrosis transmembrane conductance regulator null mouse small intestine. Infect
Immun 72: 6040–6049.
17. Norkina O, Kaur S, Ziemer D, De Lisle RC (2004) Inflammation of the cystic
fibrosis mouse small intestine. Am J Physiol Gastrointest Liver Physiol 286:
G1032–G1041.
18. Barbara G, Stanghellini V, De Giorgio R, Corinaldesi R (2006) Functional
gastrointestinal disorders and mast cells: implications for therapy. Neurogas-
troenterol Motil 18: 6–17.
19. Wood JD (2007) Effects of bacteria on the enteric nervous system: implications
for the irritable bowel syndrome. J Clin Gastroenterol 41: S7–19.
20. Goldhill JM, Finkelman FD, Morris SC, Shea-Donohue T (1995) Neural control
of mouse small intestinal longitudinal muscle: interactions with inflammatory
mediators. J Pharmacol Exp Ther 274: 72–77.
21. Wang XY, Zarate N, Soderholm JD, Bourgeois JM, Liu LW (2007)
Ultrastructural injury to interstitial cells of Cajal and communication with mast
cells in Crohn’s disease. Neurogastroenterol Motil 19: 349–364.
22. Fargeas MJ, Theodourou V, Fioramonti J, Bueno L (1992) Relationship between
mast cell degranulation and jejunal myoelectric alterations in intestinal
anaphylaxis in rats. Gastroenterology 102: 157–162.
23. De Schepper HU, De Man JG, Moreels TG, Pelckmans PA, De Winter BY
(2008) Review article: gastrointestinal sensory and motor disturbances in
inflammatory bowel disease-clinical relevance and pathophysiological mecha-
nisms. Aliment Pharmacol Ther 27: 621–637.
24. Van Nassauw L, Adriaensen D, Timmermans JP (2007) The bidirectional
communication between neurons and mast cells within the gastrointestinal tract.
Auton Neurosci 133: 91–103.
25. Sand E, Themner-Persson A, Ekblad E (2008) Mast cells reduce survival of
myenteric neurons in culture. Neuropharmacology (Epub ahead of print).
26. De Lisle RC, Isom KS, Ziemer D, Cotton CU (2001) Changes in the exocrine
pancreas secondary to altered small intestinal function in the CF mouse.
Am J Physiol Gastrointest Liver Physiol 281: G899–G906.
27. Eckman EA, Cotton CU, Kube DM, Davis PB (1995) Dietary changes improve
survival of CFTR S489X homozygous mutant mouse. Am J Physiol Lung Cell
Mol Physiol 269: L625–L630.
28. Kalia N, Bardhan KD, Reed MW, Jacob S, Brown NJ (2000) Mast cell
stabilization prevents ethanol-induced rat gastric mucosal injury: mechanisms of
protection. J Gastroenterol Hepatol 15: 133–141.
29. Steiner DRS, Gonzalez NC, Wood JG (2003) Mast cells mediate the
microvascular inflammatory response to systemic hypoxia. J Appl Physiol 94:
325–334.
30. Szabo A, Boros M, Kaszaki J, Nagy S (1997) The role of mast cells in mucosal
permeability changes during ischemia-reperfusion injury of the small intestine.
Shock 8: 284–291.
31. Brown JF, Chafee KA, Tepperman BL (1998) Role of mast cells, neutrophils and
nitric oxide in endotoxin-induced damage to the neonatal rat colon.
Br J Pharmacol 123: 31–38.
32. Scott RB, Maric M (1993) Mediation of anaphylaxis-induced jejunal circular
smooth muscle contraction in rats. Dig Dis Sci 38: 396–402.
33. Gersch C, Dewald O, Zoerlein M, Michael LH, Entman ML, et al. (2002) Mast
cells and macrophages in normal C57/BL/6 mice. Histochem Cell Biol 118:
41–49.
34. Braga T, Grujic M, Lukinius A, Hellman L, Abrink M, et al. (2006) Serglycin
proteoglycan is required for secretory granule integrity in mucosal mast cells.
Biochem J 403: 49–57.
35. Stevens RL, Adachi R (2007) Protease-proteoglycan complexes of mouse and
human mast cells and importance of their beta-tryptase-heparin complexes in
inflammation and innate immunity. Immunol Rev 217: 155–167.
36. Knight PA, Brown JK, Wright SH, Thornton EM, Pate JA, et al. (2007)
Aberrant mucosal mast cell protease expression in the enteric epithelium of
nematode-infected mice lacking the integrin alphavbeta6, a transforming growth
factor-beta1 activator. Am J Pathol 171: 1237–1248.
37. Grimbaldeston MA, Chen CC, Piliponsky AM, Tsai M, Tam SY, et al. (2005)
Mast Cell-Deficient W-sash c-kit Mutant KitW-sh/W-sh Mice as a Model for
Investigating Mast Cell Biology in Vivo. Am J Pathol 167: 835–848.
38. Scudamore CL, McMillan L, Thornton EM, Wright SH, Newlands GF, et al.
(1997) Mast cell heterogeneity in the gastrointestinal tract: variable expression of
Mast Cells in GI Transit in CF
PLoS ONE | www.plosone.org 6 January 2009 | Volume 4 | Issue 1 | e4283mouse mast cell protease-1 (mMCP-1) in intraepithelial mucosal mast cells in
nematode-infected and normal BALB/c mice. Am J Pathol 150: 1661–1672.
39. Welle M (1997) Development, significance, and heterogeneity of mast cells with
particular regard to the mast cell-specific proteases chymase and tryptase.
J Leukoc Biol 61: 233–245.
40. Friend DS, Ghildyal N, Austen KF, Gurish MF, Matsumoto R, et al. (1996)
Mast cells that reside at different locations in the jejunum of mice infected with
Trichinella spiralis exhibit sequential changes in their granule ultrastructure and
chymase phenotype. J Cell Biol 135: 279–290.
41. Metcalfe DD, Baram D, Mekori YA (1997) Mast cells. Physiol Rev 77:
1033–1079.
Mast Cells in GI Transit in CF
PLoS ONE | www.plosone.org 7 January 2009 | Volume 4 | Issue 1 | e4283